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Abstract 

Synergy (or antagonism) between two chemical agents 
ISrTV? ° emp j riCal phenomen ° M > « which the observed 
effect of the combination is more (or less) than what would 
be predicted from the effects of each agent working alone. 
Although mathematical synergy is not directly provable in 
the cluneal setting, it does predict a favorable outcome when 
the two therapeutics are combined in vivo and strongly 
suggests the presence of in vivo synergy. In contrast, overt 
antagonism warns of future problems. Sophisticated three- 
dimensional statistical modeling was used to evaluate the 
presence of synergistic, additive, or antagonistic efficacy 
between adenovirus (Ad)-mediated pS3 gene therapy (p53 
Ad) ami paclitaxel (Taxol) in a panel of human tumor cell 
lines Cells were either pretreated with paclitaxel 24 h before 
p53 Ad or treated with both agents simultaneously Cell 
proliferation was measured 3 days later. Paclitaxel had syn 
ergistic or additive efficacy withjrfJ gene therapy. In no case 
was the interaction antagonistic Cell cycle analysis demon- 
strated that p53 Ad arrested cells in Go / Gl prior to apoptotic 
cell death, whereas paclitaxel arrested cells in G,-M prior to 
apoptotic cell death. When combined, the relative concen- 
tration of each agent determined the dominant cellular re- 
sponse. These results are consistent with the previously re- 
ported cell cycle effects of p53 or paclitaxel, respectively 
however, these data fail to explain the observed drug syn! 
ergy. We found that low concentrations of paclitaxel (1-14 
im) increased the number of cells transduced by recombi- 
nant Ad 3-35% in a*ose-dependent manner, wLh is one 
possible mechamsm for the observed synergy. Of particular 
note, the concentrations of paclitaxel responsible for in- 
creased Ad transduction were lower than the concentrations 
required for microtubule condensation. The efficacy of com- 
bination therapy was also evaluated in vivo. In the p53™"' 
hK-OV-3 xenograft model of ovarian cancer, a dosing sched- 
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ule of P 53 Ad that, by itself, had a relatively minimal effect 
on tumor burden (16%) caused a much greater decrease in 
tumor burden (55%) when combined with paclitaxel 
Greater combined efficacy was also observed in the D53™ 
EE," PS3mU ' M^-MB-** breast, and p53— 
MDA-MB-231 breast cancer xenograft models in vlo In 
summary, p53 Ad for cancer shows enhanced efficacy when 
combmed wth paclitaxel. This combination is rein- 
mended for clinical cancer trials. 

Introduction 

p53 is a DNA-binding protein that acts as a transcription 
factor to control the expression of proteins involved in the cell 

Sin ?,r po r to DNA dan,age - p53 protein — - 

arrest and DNA repau- or apoptosis (programmed cell death; 
Ref. 3). Functional inachvation of P 53 can occur by several 
mechanisms, including direct genetic mutation, binding to viral 

XT^T ° r , CeI1U,ar faCt ° rS **> mdm2) ' « alteration of the 
subcellular localization of the protein (1, 2). Although p53 is not 

ZeoHb. , deve,0pment ' P 53 "^-kout" mice are 

susceptible to rumors early in life (4). Mutations in p53 have 
been reported ,n a majority of clinical cancers, and it has been 
estimated that P 53 function is altered in half of all human 
malignances (1, 2). Of particular significance, alterations i^ 
are linked to poor prognosis, disease progression, and decreased 
sensitivity to chemotherapeutic agents. Introduction of wild- 
type P 53 into tumors with nonfunctional p53 offers a novel 
strategy for treating cancer, by inducing apoptotic death in 
neoplastic cells (5). . 

Paclitaxel (Taxol) inhibits cell replication by enhancing 
polymerization of tubulin monomers into stabilized microtubule^ 
bundles that are unable to reorganize into the proper structures 
o, • mitosis (6, 7). This results in cell cycle blockage in rruS 
and subsequent activation of an apoptotic pathway, which may 
be P 53 independent (8, 9). The rationale for combining p53 gene 
therapy with paclitaxel in the clinical setting are as follows: (a) 
combinations of agents with different topological profiles can 
rauh in increased .efficacy without increased overall toxicity to 
the host; (b) combinations of agents may thwart the develop- 
ment of resistance to the single agents; ( c ) combinations of 
agents may offer a solution to the problem of heterogeneous 
tumorcell populations with different drug sensitivity profiles- 
and (d) combinations of agents can allow the physician to take 
advantage of possible synergies between drugs, resulting in 
increased anticancer efficacy in patients. Synergy (or antago- 
nism) between two chemical agents is an in vitro empirical 
phenomenon, in which the observed effect of the combination is 
more (or less) than what would be predicted from the effects of 
each agent working alone (10). Although in vitro synergy is not 
directly provable in the clinic, it does predict a favorable out- 
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come when the two therapeutics are combined. In contrast, overt 
antagonism warns of future problems. 

p53 Ad 2 (ACN53) is a novel gene therapy for cancer (1 1). 
ACN53 consists of a replication-deficient, type 5 Ad vector 
expressing human p53 tumor suppressor gene under the control 
of the cytomegalovirus promoter. p53 Ad has therapeutic effi- 
cacy against a wide range of human tumor types with altered 
p53 both in vitro and in vivo (5, 11-13). Here, we examined the 
efficacy of p53 Ad in combination with paclitaxel against a 
panel of human tumor cell lines in vitro and in vivo. Greater 
combined efficacy was observed in all cases. In addition, we 
provide evidence that paclitaxel increases the transduction of 
tumor cells by recombinant Ad at paclitaxel concentrations that 
cause minimal tumor cell death. 

Materials and Methods 

Cell Lines and Ad Infections in Vitro 

All cell lines were obtained from American Type Culture 
Collection (Rockville, MD). SCC-9, SCC-15, and SCC-25 head 
and neck tumor cells (p53 nu ") were cultured in a 1:1 mixture of 
DMEM and Ham's F-12 (Life Technologies, Inc., Grand Island, 
NY) with 10% FCS (Hyclone, Logan, UT), 0.4 (ig/ml hydro- 
cortisone (Sigma Chemical Co., St. Loius, MO), and 1% non- 
essential amino acids (Life Technologies, Inc.) at 37°C and 5% 
C0 2 . SK-OV-3 human ovarian tumor cells (p53 nu ") and DU- 
145 human prostate tumor cells (p53 mut ) were cultured in Ea- 
gle's MEM plus 10% FCS at 37°C and 5% C0 2 . OVCAR-3 
ovarian tumor cells (p53 mut ) were cultured in RPMI 1640 (Life 
Technologies, Inc.), 10 |ig/ml bovine insulin (Sigma), and 20% 
FCS (Hyclone) at 37 8 C and 5% C0 2 . MDA-MB-231 human 
mammary tumor cells (p53 raut ) were cultured in DMEM (Life 
Technologies, Inc.) with 10% FCS (Hyclone, Logan, UT) at 
37°C and 5% CO z . MDA-MB-468 human mammary tumor 
cells (p53 mut ) were cultured in Leibovitz's L-15 medium (Life 
Technologies, Inc.) containing 10% FCS (Hyclone) at 37°C 
without C0 2 . 

MDA-MB-231 mammary tumor cells carry an Arg-to-Lys 
mutation in codon 280 of the p53 gene and express mutant p53 
(14). DU-145 prostate tumor cells carry two mutations on dif- 
ferent chromosomes, a Pro-to-Leu mutation in codon 223 and a 
Val-to-Phe mutation in codon 274 (15). They express mutant 
p53. SK-OV-3 ovarian tumor cells are p53 null (16). OVCAR-3 
carry an Arg-to-Gln mutation in codon 248 and express mutant 
p53 (16). SCC-9 cells have a deletion between codons 274 and 
285, resulting in a frameshift mutation (17). No immunoreactive 
p53 protein is detectable in SCC-9 nuclei (17-19). SCC-15 cells 
have an insertion of 5 bp between codons 224 and 225. They 
produce low levels of p53 mRNA but no detectable p53 protein 
(19). SCC-25 cells have loss of heterozygosity at chromosome 
17 and a 2-bp deletion in codon 209 on the remaining allele (18). 



2 The abbreviations used are: p53 Ad, adenovirus-mediated pS3 gene 
therapy; Ad, adenovirus; p-gal, (J-galactosidase; CIU, cellular infectious 
unit(s); MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro- 
mide; FACS, fluorescence-activated cell sorting; m.o.i., multiplicity of 
infection; scid, severe combined immunodeficiency; 5-FU, 5 " 



p53 mRNA is not detectable in SCC-25 cells, and no immuno- 
reactive p53 protein is observed in their nuclei (18). 

Construction and propagation of the human wild-type p53 
and Escherichia coli fi-gal Ads have been described previously 
(11). The concentration of infectious viral particles was deter- 
mined by measuring the concentration of viral hexon protein- 
positive 293 cells after a 48-h infection period (20). Ads were 
administered in phosphate buffer [20 mM NaH 2 P0 4 (pH 8.0), 
130 mM NaCl, 2 mM MgCl 2 , and 2% sucrose]. For in vitro 
studies with p53 Ad, cells were plated at a density of 1.5 X 10 4 
cells/well on a 96-well plate and cultured for 4 h at 37°C and 5% 
C0 2 . Paclitaxel, p53 Ad, or the appropriate vehicle was added to 
each well, and cell culture was continued overnight. Then p53 
Ad, paclitaxel, or the appropriate vehicle was added to each 
well. Cell culture was continued for an additional 2 days. Cell 
proliferation was measured using the MTT assay (21). Briefly, 
25 |d of 5 mg/ml MTT vital dye were added to each well and 
allowed to incubate for 3-4 h at 37°C and 5% CO z . Then, 100 
111 of 10% SDS detergent were added to each well, and the 
incubation was continued overnight. Fluorescence in each well 
was quantitated using a Molecular Devices microliter plate 
reader. 



Statistical Analysis 

Data from drug interaction studies were analyzed using 
nonparametric response surface methodology (22). The three- 
dimensional (AT, Y, and Z) response surface consisted of the 
paclitaxel dose, the p53 Ad dose, and the response (cell prolif- 
eration expressed as a percentage), respectively. The three- 
dimensional response surface data were fitted with a bivariate 
spline (23) using PROC G3GRID in the statistical package SAS 
(24). Isobolograms were computed from the fitted response 
surface (25) using PROC GCONTOUR in SAS (24). Statistical 
evaluation of the isobologram used the interaction index (26) to 
determine synergism, antagonism, and additivity (27). PROC 
TRANSREG in SAS (28) was used to compute the Ps for the 
interaction term in the bivariate spline. Also, the fitted values 
were compared with the observed values to determine the good- 
ness of fit. 



Cell Cycle Analysis by FACS 

MDA-MB-231 cells were used in experiments designed to 
study cell cycle kinetics after treatment with p53 Ad, paclitaxel, 
or both. Cells were incubated with 0, 15, 30, 60, or 100 m.o.i. 
(CIU/celI) p53 Ad in combination with 0, 10, 15, 30, 45, or 60 
ng/ml paclitaxel under normal culture conditions for 24 or 48 h. 
At the end of the incubation period, cells were washed with PBS 
(2X) and resuspended in ice-cold 70% methanol in PBS for a 
rmnimum of 15 min. The cells were washed with PBS (2X) and 
resuspended in 0.5 ml of 2% fetal bovine serum in PBS with 5 
|ig/ml RNase A and incubated for 15-30 min at 37°C. The cells 
were transferred to test tubes containing 0.5 ml of 100 (ig/ml 
propidium iodide in PBS. Ten thousand cells were counted in 
each sample, and the number of samples per treatment ranged 
from 1 to 15 for each time period. The number of cells in each 
phase of the cell cycle was quantitated using a FACS Vantage 
cell sorter (Becton Dickinson) and analyzed using Modfit% 
software (Verity Software). 



Table 1 Statistical analysis of the drug interactions between p53 Ad and paclitaxel in vi 



Cell line 



SK-OV-3 

SCC-9 

SCC-15. . 

SCC-25 

OVCAR-3 

DU-145 

MDA-MB-231 

MDA-MB-468 



Mutated 
Mutated 
Mutated 
Mutated 



Cell type 



Ovarian 
Head and neck 
Head and neck 
Head and neck 

Prostate 
Mammary 



"ND, ni 



: determined (unable to do analysis because cells were too 



Greater combined efficacy? 



Synergy (P «= 
Synergy (P <s 
Synergy (P < 
Synergy (P £ 
Additive (P = 
Additive (P = 
Synergy (P 



ry(P = 



0.0040) 
0.0001) 
0.0002) 
0.0710) 
0.0842) 
0.0001) 
0.0001) 



Synergy (P <s 0.0001) 
Synergy (P < 0.0001) 
Synergy (P <= 0.0001) 
Additive (P = 0.5835) 
Synergy (P < 0.0001) 
Synergy (P s 0.0001) 
Synergy (P <= 0.0001) 

my 



easily ldUed by p53 Ad alone during the 3-day incubation). 



Ad Transduction Studies 

Cells (1-1.5 X 10 s ) were plated into each well of a 12-well' 
cell culture plate on day 0. Paclitaxel and 2-5 m.o.i. 0-gal Ad was 
added to the cell culture medium in each well. Paclitaxel concen- 
trations were chosen from the dose-response curves for each cell 
line and ranged from 0 to 12 ng/ml (0-14 nw). These concentra- 
tions had synergistic or additive efficacy with p53 Ad but ininimal 
cell killing for treatment with paclitaxel alone. On day 3, cells were 
fixed in 0.2% glutaraldehyde and washed in PBS. To assay for 
P-gal activity, the cells were then incubated in 1 ml of assay buffer 
[1.3 rain MgCl 2 , 15 iriM NaCl, 44 mM HEPES buffer (pH 7.4), 3 
mM potassium ferricyanide, 3 mM potassium ferrocyanide and 1 
mg/ml 5-bromo-l-chloro-3-indolyl-P-D-galactopyranoside in NJf- 
dimemylfonnamide (10% final concentration)] for 5-6 h The 
number of individual cells scoring positive or negative for p-gal 
activity was counted in each microscope field. The results from 
three microscope fields were averaged for each well, and three 
wells per treatment group were used for the analysis. 5-Bromo^- 
chloro-3-indolyl-B-D-gaiactopyranoside was purchased from Boeh- 
nnger Mannheim (Indianapolis, IN). All other chemicals were 
purchased from Sigma. 

Microtubule Immunofluorescent Microscopy 

Cells were incubated overnight on 15-mm 2 coverslips placed 
m 12-well tissue culture plates at 37°C and 5% CO z . Next, pacli- 
taxel was added to the medium in varying concentrations, and the 
cells were incubated for another 24 h. The cells were then fixed in 
3.7% formaldehyde in PBS for 10 min, washed with PBS, incu- 
bated with 2% Triton X-100 (which was added for 5 min) washed 
twice with PBS for 5 min per wash, and incubated with anti-8- 
tubulin monoclonal antibody (Sigma T-4026) for 1 h at 37°C Cells 
were rinsed twice in PBS for 5 min per wash and then incubated 
with fluorescein-conjugated antimouse IgG antibody (Cappel 
55493) for 1 h at 37°C. After washing twice in distilled water 
coverslips were applied cell side down into fluorescent mounting 
medium (Dako S3023) on microscope slides. 

Ad Treatment in Vivo 

C.B. 17/ICR-scid mice were purchased from Taconic Farms 
(Germantown, NY) or Charles River Laboratories (Wilmington 
MA). All mice were maintained in a VAF barrier facility, and all 
antmal procedures were performed in accordance with the rules 
set forth in the NIH Guide for the Care and Use of Laboratory 
Animals. Paclitaxel was purchased from CalBiochem (San 



Diego, CA) or from Sigma. For in vivo experiments, paclitaxel 
was dissolved in 1:1 absolute ethanol and Cremophor EL (Sig- 
ma) and then diluted 1:10 into 0.9% saline immediately prior to 
l.p. injection. ' v 

SK-OV-3 Ovarian Tumor Model. In experiment 1, fe- 
male scid mice were injected with 1 X I0 7 SK-OV-3 cells i p 
on day 0. Mice were dosed with drugs i.p. on days 7, 12, 15 and 
19 in a total injection volume of 0.2 ml (drugs were niixed 
immediately prior to injection). The P 53 Ad dose was 2 5 X 10 s 
CTUtoouse/day (5.2 X 10» viral particles). The paclitaxel dose 
was 10 mg/kg/day. Tumors were harvested and weighed on day 
21 There were 9 or 10 mice per group. In experiment 2, female 
scid mice were injected with 1 X 10 6 SK-OV-3 cells i.p. on day 
0 Mice were dosed with drugs i.p. on days 6, 8, 10, 13, 15, and 

^,7™,,^°" VOlUme ° f °- 2 ^ ^ P 53 Ad *™ was 
5 X 10 Crrj/mouse/day (1 X 10'° viral particles). The pacli- 
taxel dose was 5 mg/kg/day. Tumors were harvested and 
weighed on day 27. There were 9 or 10 mice per group. Graphs 
show mean tumor burden (in g) ± SE. 

DU-145 Prostate Tumor ModeL Male scid mice were 

2? ^ X 10 ° U - 145 Ce,,S "* ° n ^ °- Mce wS 
dosed ,p on days 7 9, 11, 14, 16, and 18. Mice received a 
0 2-rnJ total volume (0.1 ml of paclitaxel vehicle or paclitaxel 

10 ClU/mouse/day (1.03 X 10 10 viral particles). The paclitaxel 
dose was 1 mg/kg/day. Tumors were harvested and weighed on 
day 37^ There were 10 mice per group. Graphs show mean 
tumor burden (m g) ± SE. 

MDA-MB-468 Mammary Tumor Model. Each female 
scid mouse was injected with 1 X 10 7 MDA-MB-468 cells into 
amammary fat pad 1 1 days before the start of dosing on day 0 
The p53 Ad dose was 5 X 10 s ClU/mouse/day (1 03 X io" 
viral particles) given on days 0-4 and 7-10. All virus injections 
were pen-/mtratumoral. The paclitaxel dose was 10 mg/kg/day 
i.p., given concurrently with p53 Ad or Ad buffer. There were 
10 mice per group. Tumor growth curves show mean tumor 
volume ± SE. Tumor volumes for different treatment groups on 
each day were compared by Student's / test using Statview II 
software (Abacus Concepts, Berkeley, CA) 

MDA-MB-231 Mammary Tumor Model. Female scid 
mice were injected with 5 X 10 6 MDA-MB-231 cells into the 
mammary fat pad 1 1 days before the start of dosing on day 0 

W3S 10 mg/kg/d ' ay given L P- ™ e P 5 3 Ad dose 
was 5 X 10" ClU/mouse/day (1.03 X 10- viral particles), intra-/ 
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flti . ^ Mc ^ e P;^ ntati °™ °f *e statistical analyses for drug interaction in tumor cells. Cells were treated with paclitaxel 24 h before exoosure 
the isobole graphs. A and B, MDA-MB-468 mammary tumor cells; C and D, SCC-15 head and neck .urnor cells, r aSs, pM r d TcS)f X axt 



paclitaxel (ng/ml); ftrcenr, percentage cell proliferation as measured by ai 



peritumoral, on days 0-4 and 8-1 1. There were 10 mice per group. 
Tumor growth curves show mean tumor volume ± SE. 

Results 

Drug Interactions in Vitro. A summary of results from 
the statistical analyses of drug interactions in tumor cells is 



given in Table 1. Cells were treated with paclitaxel 24 h before 
exposure to p53 Ad or with both drugs simultaneously. Multiple 
dose-response curves quantitating the antiproliferative proper- 
ties of different combinations of p53 Ad and paclitaxel were 
modeled in three dimensions. The fitted models were statisti- 
cally compared with the observed values to confirm the good- 



dose response below and to the left of the isobole (addiUvTtyZe d™S ,h P d B ■«« A isobologram with the curbed 

(OU/cell). X axts, pachtaxel (ng/ml); /w„,, cell I ^^^^ Z i 1 ^ ^ 15 >« , «* »«* *"« cells, y axis, P 53 Ad 



ness of fit. Then Isobolograms were generated from the models 
to determine the presence of synergy, additivity, or antagonism 
between p53 Ad and paclitaxel. Synergistic antiproliferative 
activity was observed in all eight tumor cell lines from four 
distinct tissues (ovary, head and neck, prostate, and breast) 



Figs. 1 and 2 show graphical representations of the statistical 
modelmg used to analyze the drug interactions between p53 Ad 
and pachtaxel. Analysis of the data by an alternate model (thin 
plate sphne) confirmed the "robustness" of our results (Ref 29- 
data not shown). ' ' 
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3 Cell cycle effects of p53 Ad and paclitaxel on MDA-MB-231 
i after an incubation period of 24 h. Fractions of cells in G^G, phase 
G 2 -M phase (B); and S phase (Q. " ,P 



Cell Cycle Analysis. MDA-MB-231 tumor cells were ex- 
posed to various concentrations of p53 Ad and paclitaxel and then 
were assayed by FACS after 24- or 48-h incubation periods. Fig 3 
shows a graphical summary of the proportion of MDA-MB-231 
cells m each phase of the cell cycle under different treatment 
conditions. The data at both time periods were consistent Increas- 
ing concentrations of P 53 Ad shifted the number of cells in GJG 
from 51% in untreated cells up to 67% at 100 m.o.i. By contrast 
paclitaxel sharply decreased the QJG l fraction to as low as 13% 
p53 Ad had Utile effect on G 2 -M; however, paclitaxel increased 
G 2 -M from 19% in untreated cells to as high as 57%. The effects 
on the fraction of cells in S phase were less consistent, but in 
general, p53 Ad decreased the S-phase fraction, whereas paclitaxel 
increased it When the two drugs were combined, the relative 
concentration of each drug determined the overall cell cycle re- 
sponse of the population. Both drugs stimulated apoptotic cell 
death, as mdicated by an increase in the sub-G, peak with increas- 
ing incubation times (data not shown). 

Paclitaxel Effect on Ad Transduction Rates. The abil- 
ity of paclitaxel to affect the rate of cell transduction by 
El-deleted Ad was examined in a panel of tumor cells 
Paclitaxel concentrations were chosen based on the dose- 
response curves for each cell line, such that the drug con- 
centrations had shown greater combined efficacy with p53 
Ad but minimal cell killing when cells were treated with 
paclitaxel alone. Paclitaxel increased the number of live 
rumor cells transduced by |J-g a l Ad 3-35% in a dose-depen- 
dent manner (Table 2). As shown in Fig. 4, paclitaxel in- 
creased the percentage of cells transduced by (i-gal Ad 
independent of its antiproliferative efficacy. 

The effect of the paclitaxel on microtubule architecture was 
tested in two p53 nu » and three p53""" cell lines (SK-OV-3 
SCC-15, DU-145, MDA-MB-468, and MDA-MB-231) As ex- 
pected, 43 ng/ml (50 u,m) paclitaxel caused extensive microtu- 
bule condensation (Fig. 5). In contrast, the concentrations of 
paclitaxel that increased Ad transduction rates 3-35% had min- 
imal effect on microtubule architecture, with increased branch- 
ing being the only notable effect. 

Efficacy in the SK-OV-3 Ovarian Tumor Model in Vivo 
'Established SK-OV-3 tumors were treated with i.p. doses of vehi- 
cles, p53 Ad, paclitaxel, or both. In experiment 1, mice were given 
four doses of 2.5 X 10 8 CIUp53 Ad(5.2 X 10 9 viral particles) over 
a period of 3 weeks for a total virus dose of 1 X 10 9 CTU (2 1 X 
10 10 viral particles). The paclitaxel dose was 10 mg/kg/day Tu- 
mors were harvested and weighed on day 21. The results are shown 
in Fig. 6. Final tumor burden in mice treated only with drug 
vehicles was 1.69 ± 0.05 g {n = 9). Treatment with P 53 Ad 
reduced tumor burden 16% to 1.41 ± 0.06 g (* = 10). Treatment 
with paclitaxel reduced tumor burden 59% to 0.69 ± 0.04 g („ = 
10). When both drugs were combined, there was a further 55% 
reduction in tumor burden over paclitaxel alone to 0.31 ± 0.03 g 
(n - 10; P s 0.001). Mice treated with vehicles or p53 Ad alone 
had bloody ascites and enlarged spleens. These symptoms were 
absent in the mice treated with paclitaxel alone or paclitaxel with 
p53 Ad. All livers were grossly normal. 

In experiment 2, mice were given six i.p. doses of 5 X 10 8 
CIU p53 Ad (1 X 10 10 viral particles) over a period of 2 weeks for 
a total virus dose of 3 X 10' CIU (6.2 X 10 10 viral particles) The 
i.p. paclitaxel dose was 5 mg/kg/day. Tumors were harvested and 
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Table 2 Effect of paclitaxel on Ad 



Tel n 


Total cells/field 




(mean ± SE) 


0 


806 ± 55 


1 


772 ± 56 


2.5 


738 ± 51 


5 


820 ± 84 


7.5 


823 ± 78 


10 


749 ± 41 


0 


1247 ± 91 


1 


1175 + 34 


2.5 


1028 ± 12 


5 


1102 + 53 


7.5 


1045 ± 85 


10 


995 ± 37 


0 


567 ± 26 


1 


556 ± 27 


2 


533 ±9 


2.5 


523 ± 11 


5 


528 ±8 


10 


516 ± 24 


0 


784 ±30 


0.0001 


721 ± 14 


0.001 


661 ±25 


0.01 


540 ±5 


0.1 


369 ± 21 


1.0 


333 ±3 


0 


1140 ±28 


1 


1110 + 74 


2.5 


1035 ± 27 


5 


920 ± 94 


7.5 


1033 ± 38 


10 


829 + 74 


0 


934 ±59 


2 


917 + 77 


5 


738 ± 47 


10 


540 ±84 


12.5 


702 ± 32 


0 


478 ± 10 


1 


410 ± 34 


5 


358 ± 10 


10 


374 + 24 


0 


959 ± 78 


1 


972 ± 48 


2.5 


941 ± 71 


5 


672 ± 30 


7.5 


639 ± 26 


10 


663 ±20 



transduction of tumor cells in vitro 



31.0 ± 0.8 
39.0 + 1.4 
39.4 ±1.4 

42.8 ± 2.6 
45.2 ±0.8- 

50.0 ± 4.4 
21.4 ± 0.8 

27.2 ± 2.7 

32.1 ± 0.7 

31.9 ±0.9 

32.7 ± 2.1 
33.9 ± 0.7 
30.9 ± 1.5 

38.0 ± 1.6 

51.1 ± 1.0 

52.0 ± 0.8 

52.8 ± 2.0 

64.4 ± 0.8 

11.6 ±1.4 

18.1 ± 1.5 

26.7 ± 1.0 

35.5 + 3.9 
40.7 ± 2.8 
47.1 ± 1.4 

41.4 ± 3.5 

52.3 ± 1.4 
55.7 + 3.4 

61.5 ± 3.1 
57.7 ± 1.6 

65.4 + 1.7 
6.4 + 0.2 
9.6 + 0.6 

20.5 + 1.4 

34.9 ± 2.01 

41.1 ± 1.2 

46.3 ± 1.0 

57.7 + 2.4 

70.2 ± 3.7 

69.4 ± 2.1 
4.9 ± 0.8 
9.0 ± 1.4 

26.3 ± 2.7 

40.8 + 4.8 

37.6 ± 4.6 
38.2 ± 1.1 



Yes (P < 0.004) 
Yes (P < 0.003) 
Yes (P £ 0.006) 
Yes (P £ 0.0001) 
, Yes {P £ 0.007) 

No (P < 0.06) 
Yes (P £ 0.0002) 
Yes (P £ 0.0004) 
Yes (P £ 0.0035) 
Yes (P £ 0.0002) 

Yes. (P £ 0.02) 
Yes (P £0.0002) 
Yes (P £ 0.0002) 
Yes (P s 0.0005) 
Yes (P £ 0.0001) 

Yes (P £ 0.02) 
Yes (P £ 0.0005) 
Yes (P £ 0.002) 
Yes (P £ 0.0001) 
Yes (P £ 0.0003) 

Yes (P £ 0.02) 
Yes (P & 0.02) 
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Yes (P £ 0.002) 
Yes (P £ 0.0003) 

Yes (/> £ 0.03) 
Yes (P £ 0.0007) 
Yes (P £ 0.0009) 
Yes (P £ 0.001) 
Yes (P £ Q.0001) 



weighed on day 27. Final tumor burden in mice treated only with 
drug vehicles was 1.01 *0.14 g (n = 10). Treatment with p53 Ad 
reduced tumor burden 33% to 0.67 ± 0.05 g (n = 10). Treatment 
with paclitaxel reduced tumor burden 70% to 0.30 ± 0.02 g g (n = 
10). When both drugs were combined, there was a further 90% 
reduction in tumor burden compared to paclitaxel alone to 0 03 ± 
0.02 g (n = 9; P < 0.0001). 

Efficacy in the DU-145 Prostate Tumor Model in Vivo. 
The efficacy of p53 Ad in combination with paclitaxel was also 
evaluated in the DU-145 xenograft model. As shown in Fig 7 
the combination of P 53 Ad and paclitaxel reduced tumor burden 
54% more than paclitaxel treatment by itself {n = 10 mice per 
group; P < 0.0002). 

Efficacy in the MDA-MB-468 Mammary Tumor Model 
m Vivo. Established s.c. MDA-MB-468 tumors were treated 
with vehicles, p53 Ad, paclitaxel, or both drugs on days 0-4 



and 7-10. As shown in Fig. 8, P 53 Ad had greater efficacy when 
it was administered in combination with paclitaxel (davs 7-21 
P s 0.0004). ' ' 

Efficacy in the MDA-MB-231 Mammary Tumor Model 
m Vivo. Established MDA-MB-231 breast carcinomas were 
heated with vehicles, paclitaxel, p53 Ad, or both drugs on days 
0-4 and 8-11. As shown in Fig. 9, p53 Ad had enhanced efficacy 
when it was combined with paclitaxel (days 8-24, P s 0.0003). 

Discussion 

Synergy (or antagonism) between two chemical agents is 
an m vitro empirical phenomenon, in which the observed effect 
of the combination is more (or less) than what would be pre- 
dicted from the effects of each agent working alone. Although in 
vitro synergy is not directly provable in the clinical setting it 
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Paclitaxel (ng/ml) 

Fig. 4 Paclitaxel increased the percentage of cells transduced by ^-ga^ 
Ad, independent of antiproliferative efficacy. A, SCC-25 cells; B, DU- 



does predict a favorable outcome when the two therapeutics are 
combined. In contrast, overt antagonism warns of future prob- 
lems. Sophisticated statistical modeling techniques were used to 
evaluate the presence of synergistic, additive, or antagonistic 
efficacy between p53 Ad and paclitaxel (Taxol) in a panel of 
human tumor cell lines with nonfunctional p53. Tumor cells 
were treated with paclitaxel ,24 h before p53 Ad or treated with 
both agents simultaneously. Paclitaxel had synergistic or addi- 
tive efficacy in combination with p53 Ad, independent of 
whether the cells expressed mutant p53 protein or no p53 
protein at all. Most importantly, antagonism between the two 
drugs was never observed. 

p53 Ad arrested cells in GJG l prior to apoptotic cell 
death, consistent with the known activity of wild-type p53 in 
cells with damaged DNA (2). Paclitaxel arrested cells in 
G 2 -M prior to apoptotic cell death, also consistent with 
previously published reports (8, 9). When the two drags were 
combined in MDA-MB-231 cells, the relative concentration 
of each agent determined the dominant cellular response. 
These results are consistent with the cell cycle observations 



of Wahl et al. (9), which suggested that p53 facilitates 
progression through mitosis in cells exposed to paclitaxel and 
that cells with functional p53 accumulate in G 0 /G 1 following 
completion of mitosis after paclitaxel exposure. However, 
published cell cycle data fail to explain the synergy observed 
between p53 Ad and paclitaxel in our experiments. Deber- 
nardis et al. (30) reported that the p53 status of a panel of 
ovarian tumor cells did not correlate with their sensitivity to 
paclitaxel-induced cell death. This report lends support to the 
view that the synergy observed between p53 Ad and pacli- 
taxel may be due, at least in part, to aa interaction between 
the Ad vector and paclitaxel. However, the fact that p53 can 
be coprecipitated with p-tubulin leaves open the possibility 
of interactions between p53 and downstream effectors of 
paclitaxel activity (31). In p53 wt LNCaP prostate tumor cells, 
paclitaxel down-regulates expression of bcI-x L , a member of 
the bcl-2 gene family, which protects cells from apoptosis 
(32). p53 has been shown to down-regulate expression of the 
antiapoptotic bcl-2 gene and up-regulate expression of the 
pro-apoptotic box gene in other tumor cells (1-3). Therefore, 
p53 and paclitaxel may potentiate each other in stimulating 
the apoptotic pathway in neoplastic cells. 

Our results suggest that paclitaxel increases cell trans- 
duction by recombinant Ad in a dose-dependent manner. 
Although it is possible to consider a scenario in which cells 
containing only one or a few Ads do not express detectable 
0-gal enzyme activity until hyperstimulation by paclitaxel, 
this scenario is highly unlikely. Transgene expression in this 
Ad vector is driven by the strong cytomegalovirus promoter 
on a continuous basis in cells, starting shortly after infection 
by recombinant Ad. Also, the signal from every enzyme 
molecule is amplified in the detection assay. The most likely 
interpretation of our results is that paclitaxel increases the 
number of cell infected by Ad. This is one possible mecha- 
nism to explain the observation of drug synergy. In other 
words, we hypothesize that more tumor cells are infected 
with p53 Ad and exposed to high levels of wild-type p53 
protein when paclitaxel "sensitizes" them to transduction by 
recombinant Ad. Of particular note, the concentrations of 
1 paclitaxel responsible for increased Ad transduction are 
lower than the concentrations required for microtubule con- 
densation. Also, the rate of change in the number of cells 
transduced by Ad appears to be independent of paclitaxel- 
induced cell death. The paclitaxel literature offers few clues 
as to possible mechanisms for the Ad transduction effect. 
Paclitaxel concentrations below 10 nM inhibit microtubule 
organization and mitosis in HeLa cells without increasing the 
mass of microtubule polymers (33). The alteration of mitotic 
spindle organization is similar to that induced by Vinca 
alkaloids, such as vinblastine. At 100 nM, paclitaxel sup- 
presses both addition and loss of bovine brain tubulin mono- 
mers at the ends of microtubules, resulting in stabilization of 
microtubule lengths (33). At 10 hm, paclitaxel suppresses the 
shortening rate with no effect on the growth rate (34). Little 
is known about the process of cell transduction by Ad and 
specifically, the role of microtubules in the process. It is 
possible that stabilized microtubules assist virus transport 
within cells more readily than do normal, dynamic microtu- 
bules. 



Clinical Cancer Research 843 



1) 



Fig. 5 Immune-fluorescent mi- 
crotubules in MDA-MB-231 
cells, untreated (A) or treated 
with 12 nM (10 ng/ml) pacli- 
taxel (C) or 50 u.m (43 u.g/mlj 
paclitaxel (S and D), and in 
DU-145 cells, treated with 12 
nM (10 ng/ml) paclitaxel (E) or 
50 u.M (43 u.g/ml) paclitaxel 
(F). Note the increased micro- 
tubule branching at 12 nM pa- 
clitaxel and extensive microtu- 
bule condensation at 50 p-M 
paclitaxel. 





Vehicle p 53Ad Paclitaxel p53Ad + 
control Paclitaxel 
Fig. 6 Greater combined efficacy of p53 Ad and paclitaxel against 
SK-OV-3 ovarian xenografts in scid mice. Columns, means; bars, SE. 



Christen et al. (31) reported that paclitaxel concentra- 
tions up to 900 nM had no effect on trypan blue exclusion 
from 2008 ovarian carcinoma cells, indicating that paclitaxel 
did not cause a generalized permeabilization of the plasma 




membrane. However, cisplatin accumulation increased ap- 
proximately 50% over the same paclitaxel concentration 
range through a mechanism which appears to be related to 
microtubule stabilization by paclitaxel. In other experiments, 
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• Vehicle control (n=10) 

Paclitaxel (n=10) 
*p53Ad(n=10) 
□ p53 Ad + Paclitaxel (n=I0) 




Fig. 8 Greater combijied efficacy of p53 Ad and paclitaxel against 
MDA-MB468 breast carcinoma xenografts in scid mice. Data points, 
means; bars, SE. 




Fig. 9 Greater combined efficacy of p53 Ad and paclitaxel at 
MDA-MB-231 breast carcinoma xenografts in scid mice. Data p< 
means; bars, SE. 



irradiation increased the number of NIH-3T3 human fibro- 
blast, 39F human fibroblast, and A549 human lung carcinoma 
cells transduced by a recombinant Ad expressing |J-gal (35). 
However, as with paclitaxel, the mechanism is currently 
unknown. 

The antitumor effects of combination therapy with p53 
Ad and paclitaxel were also evaluated in vivo. It has been 
well documented that p53 Ad is a drug with antitumor effi- 
cacy attributable to both the p53 tumor suppressor gene and 
the Ad delivery vector (5). The in vivo experiments were 
designed to mimic the clinical situation in which efficacy of 
the p53 Ad drug (with or without chemotherapy) will be 
compared to clinical outcome with traditional chemotherapy. 
In this situation, it is unethical and prohibitively expensive to 
include study arms for an empty Ad vector. In a model of 
ovarian cancer, a dose of p53 Ad that had relatively minimal 
antitumor effect by itself had significantly enhanced efficacy 
when combined with paclitaxel. Paclitaxel also enhanced the 
antitumor efficacy of p53 Ad in models of human prostate 
and breast cancer. Taken together, our preclinical data sup- 
port the evaluation of this combination in clinical trials. 
These data offer the possiblity of enhanced antitumor activity 
with lower-than-normal doses of paclitaxel and p53 Ad, when 
the two drugs are administered in combination. This could 
potentially decrease chemotherapy-induced side effects, in- 
creasing patient quality of life and, perhaps, reducing the 
overall expense of a complete course of cancer therapy. 

investigations into the efficacy of p53 gene therapy in 
combination with DNA-damaging agents have started ap- 
pearing in the scientific literature over the last few years. 
However, none of these studies used rigorous methods to 
evaluate the type of drug interaction, if any, between p53 



gene therapy and DNA-damaging agents. Fujiwara et al. (36) 
demonstrated an additive antiproliferative effect in p53 nu " 
H358 lung cancer when p53 gene therapy was combined with 
cisplatin. H358 cells cultured with cisplatin for 24 h before 
transduction with p53 Ad had a significantly lower rate of 
proliferation than cells treated with either agent alone. When 
cells were transduced with p53 Ad 24 h before exposure to 
cisplatin, there was a dose-dependent cisplatin effect. H358 
cells or H358 spheroids exposed to both agents exhibited 
greater apoptosis, as evidenced by DNA fragmentation. En- 
hanced efficacy when both agents were combined was also 
demonstrated in vivo. However, their in vivo studies were 
[somewhat flawed in that they exceeded the maximum toler- 
ated dose for cisplatin in mice in one experiment. More 
convincing in vivo evidence came from Nguyen et al. (37). In 
this study, p53 nu " H1299 lung tumor xenografts were dosed 
with i.p. cisplatin before, concurrent with, or after intratu- 
moral p53 Ad. The most effective dosing regime was cispla- 
tin given two days before three doses of p53 Ad, with the Ad 
doses administered 2 days apart. A second cycle of therapy 
produced increased efficacy over a single cycle. 

Gjerset et al. (38) demonstrated increased sensitivity to 
cisplatin cytotoxicity in p53 m "' T98G glioblastoma and 
p53 mut H23 small cell lung carcinoma cells transduced with 
p53 expression vectors 1 or 2 days before cisplatin exposure. 
Cell death mediated by apoptosis was significantly increased 
when T98G cells were transduced by p53 Ad 2 days before 
exposure to cisplatin, as compared to cells only exposed to 
p53. Enhanced efficacy was also seen for the combination of 
p53 and 7-irradiation. Yang et al. (39) used p53 mut SW480 
colorectal tumor cells transfected with an isopropyl-l-thio- 
P-D-galactopyranoside-inducible p53 plasmid construct to 



evaluate the combined efficacies of p53 with 5-FU, topote- 
can, or 7-irradiation. All three agents displayed dose-depen- 
dent effects on cell cytotoxicity that were enhanced by con- 
current expression of wild-type p53. DNA fragmentation was 
elevated in cells exposed to both p53 and 5-FU. Further, the 
potentiation of 5-FU cytotoxicity by p53 was greatest when 
cells were exposed to both agents simultaneously. Blagosk- 
lonny and El-Deiry (40) reported increased cejl killing in 
p53""" SkBr3 mammary tumor cells when transduction with 
p53 Ad was followed 8 h later by doxorubicin or mitomycin 
C but not by vincristine. Greater combined efficacy was not 
observed in p53 w ' MCF-7 mammary tumor cells for any of 
these three chemotherapy drugs. 

Additional studies on the ability of wild-type p53 to sen- 
sitize tumor cells to irradiation have been reported for colorectal 
and ovarian tumor cells (41, 42). SW620 colorectal tumor cells 
(p53 mut ) were transduced with p53 Ad 48 h before irradiation 
(41). Cell survival was reduced by 50-66% compared to mock- 
or vector-infected irradiated cells, and this reduction was medi- 
ated by apoptotic cell death. Efficacy was also highest in SW620 
xenografts pretreated with three consecutive doses of p53 Ad 
before irradiation. Again, apoptosis was most evident in tumors 
treated with both agents. Similar, although not as dramatic, 
results have been reported for P 53 nu " SK-OV-3 ovarian tumor 
cells (42). Cells transduced with p53 Ad and subsequently 
irradiated had lower survival than mock- or vector-infected 
irradiated cells, s.c. tumor xenografts were treated once with p53 
Ad or the appropriate controls and then irradiated on 3 consec- 
utive days. This dosing regime was repeated 1 week later. 
Combination therapy with p53 and irradiation had significantly 
increased efficacy against tumor xenografts and cured 45% of 
the mice. 

The conclusion from published studies is that P 53 gene 
therapy combined with DNA-damaging agents has additional 
efficacy over p53 gene therapy alone. In particular, cisplatin 
pretreatment might sensitize tumors to subsequent p53 gene 
therapy. There are no previous reports on the combination of 
p53 gene therapy with paclitaxel, which acts by the much 
different mechanism of altering microtubule dynamics within 
cells. 
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